The effects of different types of advance information (warning signal, temporal cue, movement parameter cue), presented at different intervals before an imperative stimulus on reaction time (RT) were examined. Sixteen patients with Parkinson's disease and 16 age-matched normal controls performed a simple reaction time (SRT) task, an uncued, two partially cued (cueing of direction of movement or hand) and a fully cued visual four choice reaction time (CRT) tasks. An S1-S2 paradigm was used, where a warning signal/precue (SI) preceded the imperative signal (S2) by 0 (uncued and unwarned conditions), 200 ms, 800 ms, 1600 ms or 3200 ms. When the unwarned SRT and uncued CRT conditions were compared, the patients were slower than the controls in both conditions, with the group differences being larger for the CRT than the SRT task. Both patients and controls benefited from a warning signal presented before the imperative stimulus (S2), especially when it occurred 200 ms prior to S2. Advance information about the parameters of the required response was used by both patients and controls to preprogramme responses before the onset of S2. In both groups, RTs were generally faster for longer S1-S2 intervals. With an S1-S2 interval of 3200 ms, advance information about two movement parameters was 'fully' used by the patients to preprogramme responses such that their fully cued CRT was reduced to the level of SRT. In the controls, this process was complete by 800 ms. The most parsimonious explanation of the pattern of results across the SRT, fully cued CRT and uncued CRT conditions would be in terms of a slowness in response initiation in Parkinson's disease, which is a stage of processing common to all RT conditions. Deficits at one or more of the stages of processing unique to CRT are, however, necessary to explain the differentially greater slowness of uncued CRT in Parkinson's disease.
INTRODUCTION
The specific role of the basal ganglia in the control of movement is unclear. A current hypothesis is that the basal ganglia are normally responsible for 'the automatic execution of learned motor plans ' (Marsden, 1982) . This hypothesis has led to the study of preprogramming of movement in Parkinson's disease, the disorder considered to be most closely representative of the dysfunction of the basal ganglia and in particular the putamen (Marsden, 1982) . Variations of reaction time (RT) paradigms have been employed to test this hypothesis. A number of studies have compared the simple RTs (SRTs) of patients with Parkinson's disease and controls (Heilman et al., 1976; Yokochi et al., 1985; Bloxham et al., 1987; Viallet et al., 1987; Montgomery and Nuessen, 1990) . In SRT tasks, the response is the same on every trial. The subject can, therefore, preprogramme the response which only needs to be initiated when the occurrence of the imperative stimulus is registered. Given that the stimulus is also invariant, identification and encoding of the stimulus are not necessary (Fig. \d) . In all these studies, the patients had significantly longer SRTs than controls. One interpretation of this finding is that patients with Parkinson's disease fail to preprogramme the responses before the onset of the stimulus. However, it is possible that prolongation of SRT in Parkinson's disease may result from deficits at one of the other two stages of processing preceding response execution in SRT tasks, i.e. stimulus registration and/or response initiation (Fig. la) . As none of the features of the disease suggest any deficits in registration of the stimulus, an alternative explanation of the prolonged SRTs of patients with Parkinson's disease may be in terms of slowness in initiation of the response.
As response initiation is also one of the stages of processing involved in choice RT (CRT) tasks, this alternative explanation can be partly ruled out by demonstrating that patients with Parkinson's disease have a selective impairment on SRT but not CRT. A CRT condition is one in which a set of stimuli and responses are involved, each stimulus being associated with a particular response. In CRT (Fig. \b) , following presentation of the imperative stimulus, the particular stimulus presented needs to be identified, a response selected and programmed. Under conditions of low stimulus-response (S-R) compatibility, an additional stage of decoding S-R mapping rules will precede response selection. Consequently, a second group of studies have assessed SRT and CRT in Parkinson's disease compared with controls. Details of these studies are provided in Table 1 . Their results have been contradictory. Some find that patients with Parkinson's disease are selectively or differentially more impaired on SRT, implying that they do not use advance information to programme motor responses (Evarts et al., 1981; Bloxham etal., 1984; Sheridan et al., 1987; Goodrich et al., 1989; Pullman et al., 1988 Pullman et al., , 1990 ). In contrast, other studies report results that suggest that patients with Parkinson's disease can use advance information to preprogramme responses (Talland, 1963; Wiesendanger et al., 1969; Girotti et al., 1986; Stelmach et al., 1986; Mayeux et al., 1987; Lichter etal., 1988; Reid etal., 1989) . A 'true' SRT task is one in which the subject makes the same response to the same stimulus across trials (Fig. la) . In a number of RT studies of Parkinson's disease (Evarts et al., 1981; Bloxham et al., 1984; Stelmach et al., 1986; Lichter et al., 1988; Pullman et al., 1988 Pullman et al., , 1990 , the SRT condition has in effect been a fully precued CRT task (Fig. lc ). In the latter task, a precue presented prior to the imperative stimulus provides complete information about the nature of the required response which allows preprogramming of the response (Fig. lc) . The fully precued CRT condition has been considered equivalent to SRT. However, this assumption is likely to hold only under certain conditions; for example, when subjects are given sufficient time to process the advance information.
The aim of the present study was to investigate the effect of two major factors that are likely to influence the pattern of SRT and CRT performance in patients with Parkinson's disease compared with age-matched controls. These are: (i) the type of advance information provided by a preparatory signal; (ii) the interval between the preparatory signal and imperative stimulus. The influence of these factors is of interest as it may partly account for the discrepant findings in the existing literature.
The type of information provided by a preparatory signal presented before an imperative stimulus can vary. A distinction can be made between warning signals, 'temporal' cues and 'movement parameter' cues. Any signal given a short time before an imperative stimulus will serve as a warning to the subject, allowing them to increase their level of alertness and readiness to respond. This facilitation appears to be optimal with a preparatory interval of 200 ms (Boff and Lincoln, 1988) . In addition to a general alerting function, a preparatory signal may give more specific information about the forthcoming imperative stimulus. If presented at a fixed interval prior to the imperative stimulus on successive trials, the preparatory signal would operate as a 'temporal cue'. It allows the subject to prepare to respond at a particular time, and promotes the development of an anticipatory set or temporal expectancy. Finally, the signal may provide advance information about the nature of the response itself, e.g. it may inform the subject that he has to move to the upper key with his right hand when the imperative stimulus is presented. In this case it may be referred to as a 'movement parameter' cue. This information potentially allows the subject to preselect and preprogramme a specific response from a number of alternatives, provided there is adequate time between the cue and the imperative stimulus to take action. The amount of reduction of RT by 'temporal' and 'movement parameter' cues also depends on when they are presented relative to the imperative stimulus (Boff and Lincoln, 1988 that the effect of both temporal cues and movement parameter cues includes the general warning effect in addition to that due to the specific information they contain. The questions addressed in the present study were: (i) Is SRT selectively slowed relative to CRT in patients with Parkinson's disease compared with normals? (ii) Do patients with Parkinson's disease show the same pattern of RT facilitation as normals given the following different types of advance information: (a) use of a warning signal; (b) use of temporal predictability of the imperative stimulus; (c) use of advance information about the spatial location of a response?
METHODS

Design
A mixed between groups and within subjects design was used. Patients with Parkinson's disease and normal controls performed in each of the seven experimental conditions A to G listed in Table 2 . Within each condition, a precue or warning signal (SI) preceded the imperative stimulus (S2). The S1-S2 interval was 0 ms, 200 ms, 800 ms, 1600 ms or 3200 ms. 
Subjects
Sixteen patients with a clinical diagnosis of idiopathic Parkinson's disease and 16 age-matched normal volunteers with no history of neurological illness or head injury took part in the study. The details of the two groups are presented in Table 3 .
The severity of Parkinson's disease was rated by an independent neurologist on the Webster symptom severity and clinical disability scale (Webster, 1968) , who also classified the patients in terms of stage of illness using the Hoehn and Yahr (1967) criteria. The majority of the patients were in the mid stage of the disease with moderate symptoms (Table 3 ). All of the patients were on dopaminergic medication (average levodopadose 643.3 mg, SD = 250.6 mg, with a selective peripheral decarboxylase inhibitor), and were tested while on their normal dosage of medication. In addition, five patients were taking anticholinergics, six were also on a monoamineoxidase B inhibitor (selegeline/deprenyl), and three were taking amantadine.
The two groups were matched in terms of age (/ = 0.13, d.f. = 29, P = 0.89), sex ratio (x 2 = 3.1, d.f. = 1, P = 0.08) and handedness (x 2 = 0.21, d.f. = 1, P = 0.65). Screening for dementia was based on the Mini Mental Examination scores (MMS, Folstein et al., 1975) . None of the patients or controls scored below 25 on the MMS. Depression was assessed using the Beck Depression Inventory (BDI, Beck et al., 1961) . Two of the patients (12.5%) and one of the controls (6.3%) scored in the range 18 or above, indicating moderate or marked depression (Beck et al., 1961) . There were no differences in the One of the patients with Parkinson's disease had outlying RT values in most conditions. To keep the patient group homogeneous, this patient's data were eliminated. All analyses are based on the remaining 15 patients.
Reaction time tasks
The response apparatus comprised a box bearing six circular buttons each 1 inch in diameter. The two centra] buttons were black and were placed 6 in apart (distance from centre to centre), one on the left and one on the right. These served as the 'home' keys. Four inches above the 'home' keys were two red buttons, and the same distance below, two green buttons. The diameter of the four coloured response buttons were the same as the 'home' keys.
The general stimulus display procedure is presented in Fig. 2a . A variation of Rosenbaum's (1980) movement precueing technique with high S-R compatibility was used. The subject sat in front of a visual display unit (VDU), and was instructed to press and hold down one or both of the black 'home' keys with the index finger of the right, left or both hands, depending on the condition. This made a small cross appear in the middle of the screen, on which the subject fixated. After a variable delay (1 -4 s), a precue/warning signal (SI) was presented. In all conditions, this signal was one or more empty squares. The imperative stimulus (S2) was the filling (becoming white on the black VDU background, which was virtually instantaneous) of the relevant square after an experimentally manipulated interval of 0 ms, 200 ms, 800 ms, 1600 ms or 3200 ms.
Examples from each experimental condition are depicted in Fig. 2b . The warning signal/precue was either superimposed on the fixation point (SRT conditions) or was presented in different spatial locations relative to the fixation point (CRT conditions). Depending on the experimental condition, the empty square constituted a warning signal only, a temporal cue or a movement parameter cue. When operating as a movement parameter cue, the spatial location of the empty square(s) relative to the fixation point provided either partial information (hand or direction of movement) or complete information (both hand and direction specified in advance) about the impending movement in different experimental conditions. The subject was instructed to use the information conveyed by the precue to partially or fully prepare the movement before presentation of the imperative stimulus. The subject's task was to respond as quickly as possible to the imperative stimulus by releasing the 'home' key and moving to and pressing the relevant response key with the index finger. In each experimental condition, only the relevant keys were exposed. The screen cleared 500 ms after a response was made, and the next trial was started when the subject depressed the 'home' key. At its maximum, the screen configuration subtended a visual angle of about 0.2 degrees.
To discourage anticipatory responding, subjects were told to respond only after the presentation of the imperative stimulus. Three types of invalid trials were recorded: anticipations (reaction time less than or equal to 100 ms); long responses (reaction time greater than 3 s); decision errors (wrong response key pressed in CRT conditions). Reaction time and movement time measured from these trials were eliminated.
Trials were presented until the required number of valid trials (50 per hand in each SRT condition, 75 for both hands per CRT condition) were obtained. Reaction time (RT) was measured as the time between presentation of the imperative stimulus and release of the 'home' key. Movement time (MT) was the time taken to move from the 'home' key to a response key. Fig. 2b )
Experimental conditions (see
Simple reaction time
Random block SRT (Condition A). In this condition, each block of trials involved the same response (for example, moving right index finger from 'home' key to 'response' key) to the same stimulus. Half of the subjects in each group moved from the 'home' key to an upper response key while the other half moved from the 'home' key to a lower response key. Each subject performed two blocks of 50 trials (10 trials per interval), one block with each hand. In each group, the order of left-and right-hand performance was counterbalanced across subjects. The S1-S2 intervals were randomized.
Fixed block SRT (Condition B) . This condition was identical to the random block SRT Condition A, except that the trials for each hand were organized into five sets of 10 consecutive trials for each of the S1-S2 intervals. Within each group, the order of intervals and the order of performance with the right and left hands was counterbalanced. As before, half of the subjects in each group moved from the 'home' key to an upper response key, while the other half moved from a 'home' key to a lower response key.
Four choice reaction time
The two movement parameters involved were hand (right versus left) and direction (up versus down). In four conditions, the response was either fully cued for hand and direction, partially cued for one of the two parameters or uncued. Each condition comprised 75 trials with 15 trials of each of the five S1-S2 intervals randomly mixed. An equal and randomly mixed number of right-and left-hand responses were incorporated.
Uncued CRT (Condition C). In the uncued block, four empty squares appeared on the VDU to the left and right and above and below the fixation point serving as a warning signal. After the S1-S2 interval, one of the four squares filled, indicating the movement to be made.
Partially precued CRT (Conditions D and E) . In the partially cued trials, the subject was provided with partial information about the required movement. In Condition D, the hand of response (right or left) was precued. Two empty squares appeared above and below the fixation point either to its left or right. After the S1-S2 interval, either the upper or lower square filled, and acted as the imperative stimulus. In Condition E, the direction of response (up or down) was precued. Two empty squares appeared to the left and right of the fixation point either above or below it. After the S1-S2 interval, the right or left square filled and indicated the exact response to be made.
Fully precued CRT (Condition F).
In the fully cued condition, an empty square appeared on the VDU in one of the four possible positions above or below, to the left or right of the fixation point. After the S1-S2 interval, the square filled, instructing the subject to move to the appropriate response key. In this condition, the subject knew the precise nature of the movement to be made prior to the presentation of the imperative stimulus.
Order of testing
All subjects performed the SRT conditions first, followed by the four CRT conditions. This order allowed the subject to start with the conceptually simpler SRT task and sequential adding of new movement parameters from the SRT to the CRT conditions. The order of the four CRT conditions was counterbalanced across subjects. To assess possible fatigue/practice effects, the random block SRT condition was repeated at the end of the session.
RESULTS
Although RTs with the right hand (dominant in most cases) were in general faster than those with the left hand for both the patients and controls, the main effects or interactions relating to the use of the right or left hand were not significant. Therefore, the average of the right and left hand RTs was used in subsequent analyses.
Prior to addressing the major question, changes in SRT as a result of practice or fatigue were assessed by comparing the random block SRT conditions performed at the beginning (Condition A) and end (Condition G) of the session. For the patients, mean SRT across the five S1-S2 intervals at the beginning of the session was 430 ms compared with 458 ms at the end, an increase of 28 ms. For the controls, the respective values were 394 ms and 410 ms, with a 16 ms difference. There was no difference between the change in RT in the two groups (t = 0.88, d.f. =29, P = 0.39).
Group differences in SRT versus CRT
To analyse differences between the patients and controls in 'true' (i.e. unwarned) SRT and CRT, data from the trials without a precue/warning signal (i.e. S1-S2 interval of 0 ms) were compared for the random block SRT task (Condition A) and the uncued CRT task (Condition C). A repeated measures analysis of variance (ANOVA) was performed with Group (Parkinson's versus controls) as the between subjects variable. The mean RTs of the patients and the controls for these conditions are shown in 
The effect of advance information The effect of a warning signal on RT
In the condition where the precue did not provide any prior information about the spatial location of the impending movement, it acted purely as a warning signal. This 
SRT
Uncued CRT was the case in the uncued CRT condition (Condition C). Although the precue also acted as a warning signal in the random block SRT condition, this condition differed from Condition C as the exact nature of the response was known to the subject in advance. For this reason the SRT condition was not included in this analysis. The relevant data for Condition C are presented in Fig. 4 . A repeated measures ANOVA with Group (Parkinson's disease versus controls) and S1-S2 interval (0 versus mean of 200 ms to 3200 ms) was carried out on the data from the uncued CRT condition. To assess the general value of the warning signal, the RT trials where no preparatory signal was given (S1-S2 interval = 0 ms) were compared with the mean RT for trials of the other four S1-S2 intervals where a warning signal was present. The main effects of Group [F( 1,29) = 13.9, P = 0.001] and warned versus unwarned trials [F(l,29) = 19.5, P = 0.001] were significant, whereas the Group by Trial type interaction was not [F(l,29) = 0.90, P = 0.35]. From Fig. 4 , it can be seen that the presence of a warning signal speeded up RTs in both groups.
To determine whether RTs with the four warned S1-S2 intervals (200 ms, 800 ms, 1600 ms, 3200 ms) differed, a two-way repeated measures ANOVA was carried out with Group and Interval as the factors. The main effects of Group [F(l,29) = 14.5, P = 0.001] and Interval [Multivariate F(3,27) = 12.8, P = 0.001] were significant, whereas the Group by Interval interaction was not [Multivariate F(3,27) = 1.6, P = 0.21]. Given the differences between the four warning intervals, a number of post hoc comparisons were carried out to determine the S1-S2 interval at which the warning signal resulted in the greatest reduction of RT compared with the unwarned trials. Warned RT at each of the four S1-S2 intervals was significantly faster than the unwarned trials {P < 0.01). For both the patients and the controls, a warning signal 200 ms prior to the imperative stimulus speeded up RTs more than the other three S1-S2 intervals (Fig. 4) .
The effect of temporal expectancy on SRT
In the fixed block SRT (Condition B), the precue was presented at a given S1-S2 interval for 10 consecutive trials. This potentially allowed the development of an anticipatory set or temporal expectancy of the imperative stimulus. Such an expectancy could not be developed in the random block SRT (Condition A). A repeated measures ANOVA with Group as the between subjects and Condition (random versus fixed block SRT) and Interval (0 ms, 200 ms, 800 ms, 1600 ms, 3200 ms) as the within subjects factors was performed to assess whether the effects of temporal expectancy were similar in the two groups. The relevant data are plotted in Fig. 5 . . Post hoc analysis of the differences between the two SRT conditions at each of the five S1-S2 intervals revealed that, in both groups, the significant Condition by Interval interaction resulted from differences between the random and fixed block RT conditions at an S1-S2 interval of 0 delay [F(l,29) = 43.4, P = 0.001]; there were no differences between the two conditions at any of the other four intervals.
The use of advance 'movement parameter' information in CRT
The partial cueing of hand or direction. To assess whether any differences existed in the use of partial advance information about the arm to be used (left versus right) versus the direction of movement (up versus down), a repeated measures ANOVA was performed with Group, Condition (partial precueing of arm versus direction) and S1-S2 Interval as the factors. As expected, the main effects of Group [F(l,29) = 11.6, P = 0.002] and Interval [Multivariate F(3,27) = 8.5, P = 0.001] were significant. The Group by Interval interaction was not [Multivariate F(3,27) = 1.8, P = 0.16]. Neither the main effect of Conditional,29) = 1.9, P = 0.17] nor any of its interactions were significant [Group by Condition: F(l ,29) = 2.5, P = 0.12; Condition by Interval: Multivariate F(3,27) = 2.5, P = 0.08; Group by Condition by Interval: Multivariate F(3,27) = 0.49, P = 0.69]. This demonstrated that the use of partial advance information about the arm or direction of movement did not differ in either of the two groups or across the S1-S2 intervals. In subsequent analyses the data from Conditions D and E were collapsed and the means were used to represent partially cued CRT.
The effect of partial and full spatial information relative to no information in CRT.
To assess whether advance information about the hand to be used and/or the direction of movement speeded up RT to the same extent in the two groups, a three-way repeated measures ANOVA was carried out, with Group, Condition (uncued Condition C, mean of partially cued Conditions D and E, fully cued Condition F) and Interval (200 ms, 800 ms, 1600 ms, 3200 ms) as the factors. The relevant data are shown in Fig. 6 . to reach significance at the 5% level, whereas the three-way interaction was significant [Greenhouse-Geisser corrected F(4,111) = 3.2, P < 0.05]. The interaction between Condition and Interval was also significant [Multivariate F(6,24) = 21.8, P = 0.001].
To further analyse these interaction effects, a two-way (Group by Interval) ANOVA was carried out in each of the uncued, partially and fully cued conditions. As expected, the main effects of Group and Interval were significant in all three analyses. The Group by Interval interaction was not significant in the uncued [Multivariate F(3,27) = 1.6, P = 0.21] or the partially cued [Multivariate F(3,27) = 1.9, P = 0.15] CRT conditions. However, in the fully cued CRT condition, the Group by Interval interaction was significant [Multivariate F(3,27) = 3.9, P = 0.02]. This significant interaction in the fully precued CRT condition resulted from reductions of RT from the 800 ms to the 1600 ms S1-S2 interval being greater for the patients than for the controls (t = 3.2, d.f. = 29, P = 0.003).
The effect of full spatial information in CRT relative to SRT. An implicit assumption in many of the studies mentioned in the Introduction was that fully precued CRT is equivalent to SRT. These studies failed to determine the interval between the precue and imperative stimulus necessary for the precue information to be used and whether this interval was the same for the patients and controls. To examine these issues, a repeated measures ANOVA was performed with Group, Condition (SRT Condition A versus fully cued CRT Condition F) and Interval (200 ms, 800 ms, 1600 ms, 3200 ms) as the factors. The relevant data are plotted in Fig. 7 . Data for the 0 ms S1-S2 interval are also shown in Fig. 7 [Multivariate F(3,27) = 16.1, P = 0.001] interactions were also significant. The three-way interaction just failed to reach significance [Multivariate F(3,27) = 2.7, P = 0.06].
The interactions were explored further by analysing the differences between the SRT and fully cued CRT at each of the four S1-S2 intervals within each group. In the Parkinson's disease group, fully cued CRT was greater than SRT at 200 ms (t = 5.2, d.f. = 14, P = 0.001), 800 ms (t = 3.5, d.f. = 14, P = 0.004) and 1600 ms (t = 4.4, d.f. = 14, P = 0.001) but not at 3200 ms (f = 1.4, d.f. -14, P = 0.18). For the controls, fully cued CRT was slower than SRT only at the 200 ms S1-S2 interval (r = 4.4, d.f. = 15, P = 0.001), but there were no differences for 800 ms (r = 0.86, d.f. = 15, P = 0.40), 1600 ms(f = 0.61, d.f. = 15, P = 0.55) or 3200 ms (t = 0.61, d.f. = 15, P = 0.92).
Interpretation of these findings can be difficult given that the patients had a differentially longer CRT relative to SRT than the controls. To overcome this 'scaling' problem, the data were transformed. First, in each group difference scores between the fully cued CRT and SRT conditions were calculated for each S1-S2 interval. Secondly, the difference score at the 200 ms to 3200 ms S1-S2 intervals were rescaled using the 0 ms interval as the standard. For example, T 2O O = (^200 ~ doVdo. where r^ is the rescaled CRT/SRT difference score, d 2O o is the absolute difference score for 200 ms interval and do is the absolute difference score for the 0 ms S1-S2 interval. The question of whether the S1-S2 interval at which fully cued CRT and SRT became equivalent was the same in the two groups was assessed by testing whether the rescaled difference score of the two groups differed significantly at each of the four intervals where advance information was provided. For the 200 ms interval, which is probably too short for the advance information in fully cued CRT to be used, the rescaled difference scores of the two groups were not significantly different (t = 0.37, d.f. = 28, P = 0.72). For the 800 ms S1-S2 interval, the group differences approached significance (t = 1.9, d.f. = 28, P = 0.069). For the 1600 ms interval, the rescaled difference scores of the patients and controls were significantly different (t = 2.3, d.f. = 28, P = 0.03). For the longest S1-S2 interval (3200 ms) the rescaled difference scores of the two groups did not differ (t = 1.6, d.f. = 28, P = 0.12). Therefore, rescaling of the data to take the differentially greater impairment of the patients on CRT into account did not alter the above pattern of results which suggested that the patients required a longer S1-S2 to use advance information and make their fully cued CRT equivalent to SRT.
Movement time
The mean MT of the patients and controls in the SRT and CRT conditions are shown in Table 4 for each S1-S2 interval separately. A repeated measures ANOVA was carried out on these data, with Group, Condition and Interval as the factors. As expected the MT of the patients was longer than that of controls across all conditions [F( 1,29) = 11. (118) 347 (126) 364 (127) 362 (136) 428 (141) 413 (131) 415 (140) 449 (156) 447 (149) 433 (152) 410 (141) 430 (143) 423 (130) 435 (141) 472 (155) (63) 291 (112) 280 (91) 298 (90) 295 (113) 312 (98) 274 (91) 283 (108) 292 (112) 296 (115) 305 (113) 311 (120) 292 (115) 291 (130) 308 (123) 297 (108) 306 (125) 278 (100) 294 (122) 290(108) 309 (124) in the SRT condition being significantly faster than MTs in all the CRT conditions across the two groups {P < 0.01). There were no differences in MT among the four CRT conditions (P > 0.05). Across the conditions and groups, the significant main effect of Interval resulted from MTs in the 200 ms S1-S2 interval being faster than the 0 ms interval, and a gradual increase in MT from the 200 ms to 3200 ms S1-S2 intervals. Table 5 shows the median number of each of the three types of errors, i.e. anticipations, long responses and decision errors. Very few errors were made in either group. A series of Mann-Whitney U tests were used to analyse group differences. The only difference between the groups was that the patients made more long responses in the uncued CRT condition than the controls (Mann-Whitney Z = 2.1, P = 0.03). Within each group, a series of Wilcoxon matched pairs tests were used to determine whether the number of errors made differed in conditions where advance information was or was not available (uncued CRT versus partially versus fully cued CRT). The only differences were in terms of anticipation errors. Both the patients and controls made more ancipation errors in the conditions when they had full prior knowledge about the required movement (fully cued CRT) compared with when they did not have such information (Condition C versus F: patients: Z = 2.9, P = 0.004; controls: Z = 2.8, P = 0.005). In addition, compared with the uncued CRT condition, the patients made more anticipation errors when provided with partial information about either the direction of the impending movement (Z = 2.2, P = 0.03) or the hand to be used (Z = 2.4, P = 0.02).
. MEAN AND STANDARD DEVIATION (IN PARENTHESES) OF MOVEMENT TIME FOR EACH OF THE S1-S2 INTERVALS IN THE SRT AND CRT CONDITIONS FOR THE PATIENTS AND CONTROLS THE UNITS ARE MILLISECONDS
Simple
Errors
TABLE 5. THE MEDIAN NUMBER OF ANTICIPATIONS (ANT.). LONG RESPONSES (LONG) AND DECISION ERRORS (DECISION) IN EACH OF THE CONDITIONS IN THE PARKINSONS DISEASE AND CONTROL GROUPS
Effects of severity of Parkinson's disease
Patients with a Hoehn and Yahr stage of illness ratings of I and II (n = 6) were compared with those with a stage of illness of III and IV (n = 9). In all the above comparisons, patients with more advanced Parkinson's disease had longer RTs than those who were at an earlier stage of illness. The difference in RT between the two subgroups was 52 ms for the SRT condition (mean across five intervals) and ranged from 81 ms to 103 ms to 134 ms for the uncued, partially cued and fully cued CRT conditions, respectively. However, none of the main effects or interactions relating to stage of illness were significant. The Webster ratings were not strongly associated with SRT or CRT or with MT. Correlations were mainly positive but small, ranging from 0.04 to 0.25. Duration of illness had positive and significant (P < 0.01) correlations with SRT (r = 0.67), and the four CRT conditions (Conditions C: r = 0.64; D: r = 0.65; E: r = 0.71; F: r = 0.78).
DISCUSSION
To summarize the main results: (i) compared with normals, patients with Parkinson's disease were slower in initiating and executing responses in both SRT and CRT conditions, (ii) The difference between the groups was greater for CRT than SRT. (iii) Patients and controls benefited equally from a warning signal especially when this was presented 200 ms prior to the imperative stimulus, (iv) The patients were able to use advance information about two movement parameters to prepare responses in advance of an imperative stimulus, but required longer than controls to make full use of that information.
Before the implications of the results for motor programming in Parkinson's disease are considered, three factors that could have potentially confounding results will be discussed. These factors are (i) fatigue effects in the course of the session; (ii) effects of precueing on MT; (iii) the pattern of errors across conditions.
As the introduction of new movement parameters in the CRT conditions could have influenced the strategies adopted in the SRT task, the latter condition was always performed first. Despite clinical reports suggesting that patients with Parkinson's disease fatigue more quickly, at least for a relatively undemanding motor task such as performance of a SRT condition, the fatigue effect observed in the present study by comparing mean SRT at the beginning (Condition A) and the end of the session (Condition G) was relatively small and similar for the patients and age-matched controls. Fatigue effects can, therefore, be excluded as a possible factor for the patients' differential impairment on the CRT tasks.
If the RT data are to be used to assess the programming of responses, it is important to show that manipulating the availability of advance information has no effect on MT. The MTs of the patients were slower across all conditions. In both groups, MTs in the SRT condition were faster than those in the CRT conditions. Provision of advance information had no effect on MTs in either group, as MTs did not differ across the four CRT conditions. This suggests that motor programming was relatively complete at the end of the RT period when the subject's finger lifted from the home key and before setting off towards a response key. The absence of an effect of precueing on movement execution processes allows inferences based on the valid premise that the influence of precueing is reflected in RT changes (Lupine et al., 1989) . The S1-S2 interval produced a significant effect on MT. In both groups and across all conditions, MT gradually increased across the 200 ms to 3200 ms S1-S2 intervals. This is in contrast to the significant effect of interval on RT which was due to a gradual decrease of RT across the 200 ms to 3200 ms intervals. This effect of S1-S2 interval on MT suggests that the speed of movement execution is reduced with longer intervals between the preparatory signal and the imperative stimulus, perhaps by alteration of the subject's general level of motor readiness. However, as noted above, this increase in MT was independent of the number of choices, presence/absence of advance information or group (patient versus control) membership.
Across the conditions, very few errors were made by either the patients with Parkinson's disease or the controls. In both groups the majority of errors were anticipations in the fully precued CRT condition. This is a further indication that the motor parameters which were precued in advance were being used by subjects to preprogramme the required response, and that anticipatory errors arose from initiation of the prepared response prior to presentation of the imperative stimulus. As the number of errors were low and as trials on which an error occurred were excluded, the RT findings are not in any way confounded by differential error patterns in the two groups.
In the following discussion, the results of the present study will be contrasted with the finding of a selective impairment in SRT in some previous studies which has been taken to imply that patients with Parkinson's disease are unable to use advance information to preprogramme responses. The important role played by the instructions to and strategies adopted by the patients will be discussed as a possible reason for the discrepancy between the results of the present and some previous studies.
Do patients with Parkinson's disease have deficits in the level of arousal or motor readiness ?
As noted above, any form of signal preceding an imperative stimulus will warn the subjects and will allow them to increase their readiness to respond. In interpreting the effects of advance spatial (movement parameter) or temporal (temporal cue) information, it is important to know whether the patients show a normal response to a warning signal which only operates to alert them to the occurrence of the imperative stimulus and conveys no other information. This was indeed the case. A warning signal had a similar facilitatory effect on the CRTs of the patients and controls, with the reduction of CRT with a warning signal being maximal at 200 ms in both groups (Fig. 4) . The effects of warning signals on SRT were not assessed because in this condition warning signal effects are confounded with information about the exact response which is known by the subject in advance. Nevertheless, in the SRT condition, warning stimuli presented prior to S2 also speeded RT in both groups. In the present study, the SRT and CRT of both the patients and controls were speeded up by warning signals. The results of Talland (1963), Heilman et al. (1976) and Bloxham et al. (1987) have also shown that the SRTs of patients with Parkinson's disease were reduced when a warning signal was included. Together these results suggest that the deficits in SRT and CRT in Parkinson's disease cannot be attributed to nonspecific disturbances of arousal. A similar conclusion was arrived at by Heilman et al. (1976) .
An increase in response readiness can also be produced if a warning signal is given at a fixed interval before the imperative stimulus. Studies in normal subjects have shown that a constant preparatory interval (PI) speeds up RTs compared with a condition where the PI changes from trial to trial (Zahn and Rosenthal, 1966; Granjon et al., 1973; Requin et al., 1973) . The present results, however, failed to replicate this finding in either group. This may have been due to the relatively small number of trials (10) at each fixed block of S1-S2 intervals. An unexpected difference between the fixed and random block SRT conditions was that RT for the unwarned interval (S1-S2 of 0 ms) was faster in the context of a fixed block of S1-S2 intervals than when the same condition was presented within a randomized block. This effect may be explained by different strategies in the two SRT tasks. In the randomized condition, the subject can expect a warning signal on 80% of trials and, therefore, may choose to wait for SI before getting ready to respond. Consequently, when the warning signal does not occur, the subjects are slower to make a response. In contrast, when the subject knows that there will be no warning as in the fixed block condition, the best strategy is to maintain a general response readiness prior to S2. The choice and use of these strategies appeared to be the same in the patient and control groups.
Together, these results suggest that slowness of movement initiation in Parkinson's disease cannot be attributed simply to deficits in the level of arousal or motor readiness.
Do patients with Parkinson's disease have deficits in motor programming ?
This question can be addressed from two aspects of the present data. First by examining the comparative differences between the patients and controls on the uncued and unwarned SRT and CRT tasks. Secondly, by assessing the use of advance movement parameter information in the two groups. Each of these will be considered.
Evidence from comparison of SRT and unwarned and uncued CRT. Compared with uncued CRT, the nature of the response is known in advance in SRT paradigms. The opportunity for preprogramming in the SRT condition is one factor accounting for the faster responses observed with SRT compared with CRT {see Fig. \a,b) . In Parkinson's disease a number of studies have found a selective impairment in SRT relative to CRT (Evarts et al., 1981; Bloxham et al., 1984; Sheridan et al., 1987; Pullman et at., 1988; Goodrich et al., 1989) . From this it has been inferred that the patients are failing to preprogramme their responses in the SRT condition, and that they are treating SRT as if it were CRT.
The present study failed to replicate this pattern of results. As in the other studies, the patients were impaired on SRT, but they showed an even greater impairment on the uncued CRT task. This result does not exclude the possibility that the patients were failing to preprogramme in the SRT condition as suggested by earlier studies. However, from the obtained pattern of SRT/CRT deficits, it is perhaps parsimonious to assume that slowing in both tasks was due to some stage common to the two tasks such as stimulus encoding or response initiation (Fig. \a,b) . Even assuming this, however, the patients still showed an additional slowing in the CRT task relative to SRT. This suggests a deficit in some stage of processing unique to the CRT task; for example, stimulus identification, S-R mapping or response selection (Fig. \b) .
Not all previous studies have found a selective SRT deficit in Parkinson's disease. Of the 13 studies in Table 1 , those of Stelmach et al. (1986) , Mayeux et al. (1987) and Pullman et al. (1990) found patients with Parkinson's disease to be significantly impaired on both SRT and CRT. In addition, the eight most severely affected patients in Talland's (1963) study obtained a pattern identical to the present results and showed a differentially greater impairment on CRT.
Evidence from the use of advance movement parameter information in CRT. For both the patients and controls, mean CRTs were longer when both hand and direction of movement remained to be specified (uncued Condition C), than when both parameters had been specified previously (fully cued Condition F). For S1-S2 intervals of 800 ms, 1600 ms and 3200 ms, this relative speeding up of CRT with provision of advance information was obtained for every patient and control subject. In addition, both for the patients and controls, provision of partial advance information about the hand or the direction of movement resulted in faster RTs relative to the uncued CRT task, but did not speed up RTs as much as the fully cued CRT condition. From these results it can be inferred that patients as well as controls made use of the precues to preprogramme responses. The same conclusion was arrived at by Stelmach et al. (1986) in their study of precued RTs in Parkinson's disease.
The conclusion that the advance movement parameter information provided in a precue speeds up RT because the programming of the response can occur prior to the imperative stimulus requires two assumptions to be made. The first assumption is that prior to presentation of the imperative stimulus, a 'prototypical programme' is constructed on the basis of the motor parameters that are common to all alternative responses. The CRT for any one response would include the time to add the information specific to that response to the prototypical programme. Another possibility to consider, however, is that with the limited number and types of simple responses used, fully specified motor programmes for each of the alternative responses might be prepared and then held in readiness in the motor buffer. In this case, the CRT would reflect the time taken to select the correct, preprogrammed response from the set of those assembled. Can these two alternatives be distinguished from the present data? In the present study, the fact that partial precueing of one movement parameter speeded up RT compared with the uncued CRT condition, but not to the same extent as the fully precued condition, provides some indirect support for the proposal that prototypical programmes are constructed.
The second assumption of the precueing RT paradigm is that the facilitation of RT by provision of advance information results from the preprogramming of responses. However, precueing might also influence two other stages of processing: stimulus evaluation and identification as well as response selection (Fig. \b) . The fact that precueing effects cannot be unambiguously attributed to response programming was noted by Stelmach and Larish (1981) and Goodman and Kelso (1980) in studies which showed that the effectiveness of precueing depended on S-R compatibility. In these studies, precueing effects were only obtained with incompatible S-R configurations, where it is possible that some of the effects of precueing were mediated by reducing the number of alternatives and hence facilitation of stimulus identification, S-R mapping and response selection. In later studies (Bonnet et al., 1982) , however, precueing effects have been obtained when the S-R compatibility was high, as was the case in the CRT conditions of this study. Therefore, the present results are less likely to be confounded by the nonmotor factors of stimulus identification and response selection and the precueing effect can be attriuted to facilitation of preprogramming.
If preprogramming is to take place, the individual will require sufficient time to identify the precue, map the spatial information onto the set of possible responses and then programme the response. It is not surprising, therefore, to find that the interval between the precue and the imperative stimulus also produced a major effect, with RTs being generally faster for longer S1-S2 intervals in both groups. The longer the interval, the more time is available to process the advance information and preprogramme the response. The present results confirm previous findings obtained for precued RTs of young normals using S1-S2 intervals ranging between 100 ms and 1000 ms (Miller, 1982) and from 475 ms to 3000 ms (Reeve and Proctor, 1984) .
According to the additive factor method of Steinberg (1969) , if two factors affect the same stage of processing their effects will be interactive, whereas when they operate on different stages of processing, their influence will be additive. The fact that the 'Condition by Interval' interaction was significant suggests that precueing of movement parameters and the interval between the precue and imperative stimulus both affect the same stage of processing which, we argue, is likely to be the programming of responses. In this context, the significant interactions obtained between Group, Condition and Interval have implications for understanding how advance information was processed across the 200 ms and 3200 ms intervals in the two groups. These will be considered next.
The present data revealed that the patients with Parkinson's disease required a longer S1-S2 interval to 'fully' process the advance information than the controls. The S1-S2 interval at which fully cued four CRT became the same as 'true' SRT was different for the patients and controls, even after rescaling the data to take the differentially greater CRT impairment of the patients into account. For the controls, advance movement parameter information reduced CRT to the level of SRT by 800 ms. For the patients with Parkinson's disease, fully cued CRT was the same as SRT only with an S1-S2 interval of 3200 ms, suggesting that a longer interval was required for use of advance movement parameter information to preprogramme responses. However, the Group by Interval interaction was significant for the fully cued CRT condition, where two movement parameters had to be preprogrammed. When only one parameter was known, as in the partially cued conditions, the Group by Interval interaction was not significant. This suggests that the presence/absence of a preprogramming deficit in Parkinson's disease may depend, in part, on the amount of information, as well as the time available to make use of it.
The slowness in use of advance information in Parkinson's disease at least when two movement parameters are available, may result from one of three different processes. First, it is possible that the patients start using the advance information at the same point in time as the controls but are slower in processing such information. The second possibility is that compared with the controls, there is a delay before the patients with Parkinson's disease start to process advance information. The third possibility is that at any point in time, the patients are less likely to make use of advance information to preprogramme a response. The control subjects appeared, on average, to have an almost 100% probability of using the information within 800 ms. If the probability of patients using the information within the same period was only 25%, for example, then it would take longer before the cumulative probability approached 100%.
In order to promote uniformity of preparatory strategies in the present study, all subjects were explicitly instructed to use the advance information to fully or partially prepare the response prior to the imperative stimulus. Evidence from young normals suggests that instructions to the subjects can influence the degree of preparation (Miller, 1982) . The instructions to and the strategies adopted by the subjects are especially pertinent when studying patients with Parkinson's disease. The selective impairment of patients relative to normals on precued CRT (Fig. lc) (taken as equivalent to SRT) but not uncued CRT (Fig. \b) tasks in previous studies (Evarts et al., 1981; Bloxham et al., 1984; Sheridan et al., 1987; Pullman et al., 1988) may have resulted from a failure or inconsistency of the patients in using advance information and preprogramming of responses, as they were not explicitly instructed to do so. That patients with Parkinson's disease adopt a different strategy regarding preprogramming, at least initially, is suggested by a study of Worringham and Stelmach (1990) , which showed differential effects of practice on SRT and CRT in patients and controls. Early in practice, the performance of the patients suggested that they were failing to preprogramme in SRT and were using the same strategy of post-stimulus motor preparation in both SRT and CRT tasks. With practice, however, SRT showed a differential improvement in the patients relative to the controls, a result consistent with a change of strategy and adoption of a preprogramming strategy.
As well as the use of explicit instructions, the precise nature of the precueing task itself may influence the probability of the subject preprogramming a response. As already noted, the compatibility of the stimulus and response may have an impact. A second factor affecting the probability of preprogramming may lie in whether the information provided by the cue is merely useful or essential for making the subsequent response. Sudevan and Taylor (1987) distinguish between two types of preparatory signal. A 'prime' is a signal which is useful to the subject but not essential, as the same information will be available in S2. In contrast, a 'cue' provides essential information which is not subsequently repeated in S2. With a cue, the subject must, therefore, attend to and process the information in SI if they are to make the correct response. In the present study, as well as all previous investigations of Parkinson's disease with precued CRT, the advance information provided has been useful but not essential, i.e. in effect a prime. This methodology can render preprogramming of response prior to the imperative stimulus an optional strategy. The question of preprogramming strategy could be assessed in future studies by comparing primed and cued CRTs. If patients with Parkinson's disease are failing to preprogramme when this is optional, they should show a greater difference between primed and cued CRT than control subjects. This comparison could also clarify whether the inconsistency and/or slowness in motor programming in Parkinson's disease are compensatory strategies (Shallice, 1988) , 'consciously' or 'unconsciously' adopted by the patients in adaptation to a 'noisy' (Bloxham et al., 1987) or 'variable' (Sheridan and Flowers, 1990 ) motor system or a more fundamental feature of the disorder. These issues need to be assessed in future studies.
In addition to possible differences in subject strategy, the duration of the S1-S2 interval may have contributed to inconsistencies in published results. Even with the present RT tasks which combined high compatibility between precue, imperative stimulus and response, the patients' mean precued CRT (Fig. lc) was equivalent to SRT (Fig. la) only at the longest S1-S2 interval of 3200 ms. The shortest S1-S2 interval (200 ms) was not sufficient even for the controls to use advance movement parameter information to reduce their CRTs to the level of SRT. Therefore, in previous studies where S1-S2 intervals of 250 ms to 2000 ms have been used (Evarts et al., 1981; Bloxham et al., 1984; Stelmach et al., 1986; Pullman et al., 1988 Pullman et al., , 1990 , the shorter intervals may not have been sufficiently long to allow full use of advance movement parameter information. The use of a single movement parameter in the precued two choice RTs of some of these studies (Evarts et al., 1981; Bloxham et al., 1984; Pullman et al., 1988 Pullman et al., , 1990 ) may have meant that S1-S2 intervals required for full processing of the precue information need not be as long as in the present study. Without explicit test of the assumptions, however, fully cued CRT cannot be a priori considered equivalent to SRT. With the present stimuli and responses, the results clearly show that with an S1-S2 interval of 200 ms, partially and fully cued four CRT are the same as uncued CRT both for the patients and controls.
In one respect, the long S1-S2 intervals needed to fully utilize the advance information was surprising. Taking the patients as an extreme case, it was only with the 3200 ms interval that there was evidence of full preprogramming of one of a set of four responses. However, when the same programming is required after the imperative stimulus, as in the uncued CRT condition (Fig. \b) , the patients required only an extra 147 ms relative to SRT. The same dissociation can be seen, albeit less dramatically, in the control group, who required an extra 87 ms. In both groups, these 'automatic' processing times were much faster than time required for the 'conscious' processing of advance movement parameter information. This finding also suggests that in previous studies, fully precued CRT which is based on 'conscious' use of advance information cannot be equated in its time course with 'true' SRT which involves release of a preprogrammed response with the onset of the imperative stimulus. A distinction between the two tasks is also implied by the finding that MT in SRT is consistently faster than MT in precued CRT in both patients and controls. Given sufficient time, 3200 ms with the present stimuli and responses, patients with Parkinson's disease could preprogramme a response. However, even with such an S1-S2 interval, the RTs of the patients were still slower than that of controls. The same degree of slowing was also present in the 'true' SRT condition. In addition, the patients were slower than the controls in the uncued CRT (not involving the use of advance information). The most parsimonious explanation of the slowness of the patients with Parkinson's disease relative to the normal across these conditions is a slowness in a stage of processing common to all of them; namely, response initiation. What processes underlie this deficit in response initiation in Parkinson's disease? Conduction along corticomotor neuron pathways has been shown to be normal in Parkinson's disease (Dick et al., 1984) . The size of the first agonist burst is, however, reduced (Hallett and Khoshbin, 1980) . On the basis of these findings, it can be suggested that abnormal force production may be at least partly responsible for the slowness of response initiation in Parkinson's disease. However, as muscle 'energizing' and 'timing' processes are separate functions and as the two types of deficit do not necessarily coincide (Hallett and Khoshbin, 1980) , deficits in muscle 'timing' may also account for the slowness in response initiation.
Finally, the differentially greater slowness of the patients on the high compatibility uncued CRT condition of the present study requires explanation. It is possible that in addition to the deficit in SRT the patients may be impaired on a stage of processing that is unique to uncued CRT; that is, either stimulus identification, decoding of S-R mapping rules or response selection (Fig. \b) . The focus of past research has been solely on investigating motor programming as the stage of processing that may be impaired in Parkinson's disease. The present results suggest that patients with Parkinson's disease may have additional deficits in these other stages of processing. These conclusions relating to SRT, fully cued and uncued CRT need to be addressed in future studies.
